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We have synthesized single crystals of Na3Co2SbO6 and characterized the structure and magnetic
order by measuring anisotropic magnetic properties, heat capacity, x-ray and neutron single crystal
diffraction. Magnetic properties and specific heat of polycrystalline Na3Co2SbO6 were also mea-
sured for comparison. Na3Co2SbO6 crystallizes in a monoclinic structure (space group C2/m) with
[Co2SbO6]
3− layers separated by Na+ ions. The temperature dependence of magnetic susceptibility
shows significant anisotropic behavior in the whole temperature range 2 K-350 K investigated in this
work. An effective moment of about 5.5µB/Co
2+ from a Curie-Weiss fitting of the magnetic suscep-
tibility is larger than the spin only value and signals significant orbital contribution. Na3Co2SbO6
single crystal undergoes a transition into a long-range antiferromagnetically ordered state below
TN=5 K. Neutron single crystal diffraction confirmed the zigzag magnetic structure with a propa-
gation vector k = (0.5, 0.5, 0). The ordered moment is found to be 0.9µB at 4 K and align along
the crystallographic b-axis. Density functional theory calculations suggest that the experimentally
observed zigzag order is energetically competing with the Neel order. It is also found that the
covalency between Co d and O p is quite strong and competes with the local spin-orbit coupling,
suggesting a Jeff=1/2 ground state may not be realized in this compound.
INTRODUCTION
4d/5d transition metal compounds such as A2IrO3
(A=Li, Na) and α-RuCl3 have been intensively stud-
ied in recent years for possible exotic quantum spin
liquid state.[1–3] These compounds have a quasi-two-
dimensional structure with weak coupling between layers
of honeycomb arranged transition metal ions. The strong
spin-orbit coupling in these 4d/5d transition metal ions
leads to the effective pseudospin (Jeff = 1/2) electronic
state. The in-plane honeycomb arrangement of transition
metal ions enables the orbital-dependent hopping pro-
cesses giving rise to the Kitaev-type interactions. How-
ever, all these compounds show a long range magnetic or-
der at low temperatures due to the Heisenberg exchange
interactions. Therefore, various approaches have been
employed to suppress the long range magnetic order, such
as high magnetic fields[4–7] and chemical substitution[8–
11]. Recently, Liu et al.[12] and Sano et al.[13] pro-
posed that the Kitaev model can be realized in materials
based on d7 ions with an electronic configuration of t52ge
2
g
(S=3/2, L=1), which also host the pseudospin-1/2 mag-
netism. One interesting feature for these d7 candidates is
that in the magnetic honeycomb plane the ferromagnetic
interactions from eg spins compensate the antiferromag-
netic interactions resulting from t2g electrons. This pro-
vides a new approach to tuning the relative magnitude
of Heisenburg and Kitaev interactions for the realization
of a spin liquid ground state.
One candidate material proposed by Liu et al.[12] is
Na3Co2SbO6. The monoclinic structure (space group
C2/m)[14, 15] is shown in Fig. 1. In the magneto-active
layer, Na3Co2SbO6 has a honeycomb structure of edge-
sharing CoO6 octahedra with one SbO6 octahedron oc-
cupying the center of each honeycomb. These layers are
separated by Na. Previous studies[15, 16] on the mag-
netic properties and specific heat of polycrystalline sam-
ples suggest that Na3Co2SbO6 orders antiferromagneti-
cally below TN=8.3 K or 4.4 K which might result from
the varying sodium stoichiometry. The Curie-Weiss fit-
ting of the high temperature magnetic susceptibility gives
a nearly zero Weiss constant and an effective moment
around 5µB/Co
2+ larger than the expected spin-only
value, indicating a significant orbital contribution. Neu-
tron powder diffraction measurement[15] suggests a par-
tially frustrated zigzag ordering with a propagation vec-
tor k = (0.5, 0.5, 0) and a magnetic moment of 1.79(4)µB
at 1.5 K aligning nearly normal to the plane of the layer
along the crystallographic c-axis.
Considering the quasi-two-dimensional structure of
Na3Co2SbO6, anisotropic physical properties are ex-
pected which can be learned from investigating single
crystals. To the best of our knowledge, single crys-
tals of Na3Co2SbO6 have not been available for a de-
tailed study of the intrinsic and anisotropic properties.
In this work, we report the growth of millimeter-sized
Na3Co2SbO6 single crystals and the characterization of
structure and physical properties. Single crystal x-ray
diffraction measurements confirm the monoclinic C2/m
structure and observe diffuse scattering along L due to
the stacking faults in the as-grown crystals. Magnetic
measurements suggest significant anisotropic behavior in
the whole temperature range 2 - 350 K. Na3Co2SbO6 sin-
gle crystal orders antiferromagnetically below 5 K. Neu-
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2FIG. 1. (color online) Crystal structure of Na3Co2SbO6 (a)
the honeycomb arrangement of Co ions in ab-plane, and (b)
the honeycomb layers are separated by Na layers.
tron single crystal diffraction confirms the zigzag mag-
netic structure with a propagation vector k = (0.5, 0.5,
0) as reported in a previous neutron powder diffraction
study. However, different from that for the polycrys-
talline samples, the ordered moment in our single crystals
is determined to align along the crystallographic b-axis.
Our density functional theory (DFT) calculations show
that the experimentally found zigzag ordering is energet-
ically competing with the Ne´el ordering and suggest that
strong covalency should be considered when understand-
ing the electronic state of Na3Co2SbO6.
EXPERIMENTAL DETAILS
Polycrystalline Na3Co2SbO6 was synthesized by con-
ventional solid state reaction. The starting materials
Na2CO3 (99.995%, Alfa Aesar), Co3O4 (99.7%, Alfa Ae-
sar), and Sb2O3 (99.9%, Alfa Aesar) were mixed in the
molar ratio of 1.65:0.67:0.5. A 10% excess Na2CO3 was
added to compensate the evaporation loss during sinter-
ing. The homogeneous powder was pelletized and then
placed in an alumina crucible with a lid and heated to
800◦C in 20 hrs and held at this temperature for 48 hrs.
The resulting product was ground and pelletized again
FIG. 2. (color online) Schematic picture illustrating the
growth of Na3Co2SbO6 crystals.
and heated to 900◦C and held there for 48 hrs before
cooling to room temperature. Room temperature x-ray
powder diffraction confirmed that the sample is single
phase after the second sintering. The refinement of all
powder diffraction patterns in this work is performed us-
ing the monoclinic C2/m structure following ref[14, 15]
and our single crystal x-ray diffraction study. The lattice
parameters from Rietveld refinement are a=5.3557(8) A˚,
b=9.2701(10) A˚, c=5.6486(6) A˚, and β=108.40(2)◦. The
lattice parameters are comparable to those reported by
Wong et al.[15]
A dense pellet of Na3Zn2SbO6 was also synthesized us-
ing a similar procedure. The temperature dependence of
specific heat of Na3Zn2SbO6 was used as the phonon ref-
erence when estimating the entropy release across mag-
netic order of Na3Co2SbO6.
To grow single crystals of Na3Co2SbO6, the above
fired pellets were reground together with 30wt% excess
Na2CO3. After a thorough mixing, the mixture was pel-
letized and placed in a Pt crucible with a lid (see Fig. 2).
The growth ampoule was then put in a box furnace and
heated to 1100◦C in 10 hrs, held there for 48 hrs, and
then cooled to 800◦C in 24 hrs. The furnace was then
shut down to cool to room temperature.
Some crystals were ground into fine powder for x-
ray powder diffraction. Room temperature X-ray pow-
der diffraction patterns were collected on a PANalyt-
ical XPert Pro MPD with a Cu-Kα,1 incident-beam
monochromator. Elemental analysis confirmed the
atomic ratio of Na, Co, and Sb, which was carried out
on as-grown crystals using a Hitachi-TM3000 microscope
equipped with a Bruker Quantax 70 EDS system.
The magnetic properties were measured with a Mag-
netic Property Measurement System (Quantum Design,
QD) in the temperature interval 2 K ≤ x ≤ 350 K. Spe-
cific heat was measured with a QD Physical Property
Measurement System (PPMS) in the temperature inter-
3val 1.90 K ≤ x ≤ 250 K. We tried to measure electrical
resistivity of Na3Co2SbO6 crystals; however, the total re-
sistance is too large and no reliable resistivity data could
be obtained.
X-ray single crystal diffraction was performed to deter-
mine the crystal structure using a Rigaku single crystal
X-ray diffractometer at SNS, ORNL. Neutron single crys-
tal diffraction was performed to determine the magnetic
structure at the HB-3A four-circle diffractometer at the
High Flux Isotope Reactor of the Oak Ridge National
Laboratory. A neutron wavelength of 1.003 A˚ was used
from a bent perfect Si-331 monochromator.[17] The neu-
tron diffraction data refinements are based on 85 mag-
netic and nuclear reflections with the program Fullprof.
RESULTS AND DISCUSSION
X-ray single crystal diffraction
Plate-like single crystals with a regular hexagon shape
were found on the inner surface of the Pt crucible as illus-
trated in Fig. 2. After crystal growth, the starting pellet
was porous and some voids were observed. These obser-
vations suggest that the crystal growth occurs with the
aid of Na2CO3 vapor. As shown in Fig. 3(a), the as-grown
hexagon-shaped crystals are typically 1-2 mm long for
each edge. Room temperature x-ray powder diffraction of
pulverized single crystals observed no impurity. Rietveld
refinement of the diffraction pattern using monoclinic
C2/m gives the lattice parameters of a=5.3708(3) A˚,
b=9.2631(5) A˚, c=5.6485(4) A˚, and β=108.50(2)◦. Com-
pared to the polycrystalline samples used for the crystal
growth (see experimental details), Na3Co2SbO6 single
crystals have a larger a-lattice. As discussed later, this
a-lattice seems to be a good indicator of the magnetic
ordering temperature.
To further confirm the monoclinic symmetry of our
single crystals, we performed x-ray single crystal diffrac-
tion at room temperature. The x-ray diffraction pattern
shown in Fig. 3(a))shows well-shaped spots close to trig-
onal symmetry. Automatic indexing of our single crystal
diffraction data indeed tends to return a hexagonal unit
cell but relative intensities of the reflections indicated
a slight preference for monoclinic symmetry. In the re-
ported crystal structure of Na3Co2SbO6 the individual
Na layers and the individual Co2SbO6 slabs have very
nearly six-fold symmetry, and it is the manner in which
the layers are displaced relative to one another in the
stacking sequence that results in an overall monoclinic
symmetry.[14] Diffuse spot shapes along the stacking di-
recting indicate stacking faults are prevalent in the crys-
tals, which may be partly responsible for the ambiguity in
symmetry. The stacking faults can be modeled approxi-
mately by allowing Co and Sb to mix on their respective
sites, as described below. We checked all the integrated
(a)
(b)
FIG. 3. (color online) (a) Single crystal X-ray diffraction pat-
tern with the corresponding monoclinic (h k l) indexes. The
reciprocal plane is normal to c*. (b) The [0 k l ] diffraction cut
with index guidance in k and l direction. Inset of (a) shows
one typical crystal with a regular hexagon shape.
intensities in trigonal symmetry and also monoclinic sym-
metry within WinGX. P6/mmm and C2/m give compa-
rable merging R-factors. However, a careful investigation
of the Bragg peak intensities shown in Fig. 3(b) suggests
that the trigonal symmetry is not satisfied. Our analysis
concluded space group symmetry is C2/m which gives
the smallest merging R-factor of 0.012.
A summary of single crystal x-ray diffraction data and
refinement parameters for Na3Co2SbO6 crystals is pro-
vided in Table I. Altogether 444 unique peaks were ob-
tained at room temperature with Rint= 1.2%. The re-
finement was performed with Fullprof suite and it is
well converged with Rfactor=1.80 % and χ
2=1.36. It
is worth mentioning that the refinement was performed
with∼10% Co/Sb antisite disorder, i.e. Co and Sb switch
positions. Including Co/Sb antisite disorder can signifi-
cantly improve the fitting as this accounts for the peak
4TABLE I. Selected crystallographic data and refinement pa-
rameters for single crystal x-ray diffraction study at room
temperature.
Formula Na3Co2SbO6
Space Group C2/m
a (A˚) 5.3707(3)
b (A˚) 9.2891(6)
c (A˚) 5.6533(4)
α 90.00
β 108.566(6)
γ 90.00
V (A˚3) 267.36(3)
Z 2
Crystal size (mm) 0.03× 0.06× 0.08
Temperature (K) 297
θ Range (◦) 4.34 - 32.07
µ (mm−1) 41.773
λ (A˚) (Mo Kα) 0.71073
Collected reflections 1713
Unique reflections 444
Rint 0.0119
σI/I 0.0099
h −7 ≤ h ≤ 7
k −13 ≤ k ≤ 9
l −7 ≤ l ≤ 7
intensity suppression by the stacking faults. In an octa-
hedral environment, the ionic radius of 0.745 A˚ for Co2+
is larger than 0.60 A˚ for Sb5+.[18] We cannot rule out
the possibility of Co/Sb antisite disorder. However, con-
sidering the observation of stacking faults and the fact
that sliding the honeycomb layers along any honeycomb
bond direction leads to Co/Sb on top of Sb/Co sites, we
tend to look at the amount of antisite defects as an indi-
cator for the amount of stacking faults. Table II shows
the atomic coordinates, occupancy, and anisotropic dis-
placement parameters. The refinement suggests Na sites
are not fully occupied. This Na nonstoichiometry might
account for the variation of TN of different Na3Co2SbO6
samples.
The formation of stacking fault may be an intrinsic fea-
ture of Na3Co2SbO6 or come from the crystal growth. As
suggested by Zvereva et al.,[14] the monoclinic and the
trigonal structures are very similar in both metrics and
lattice energy, which leads to the natural formation of
stacking faults. On the other hand, the growth technique
employed in this work may also facilitate the formation
of stacking faults. The observation of Na3Co2SbO6 crys-
tals on the upper part of the Pt crucible signals a vapor
transport growth mechanism. Since the Pt crucible is
just loosely covered by a Pt lid, all factors affecting the
gas flow inside of the Pt crucible and the evaporation of
Na2CO3, such as the temperature profile, or the amount
of Na2CO3, can affect the growth kinetics and thus for-
mation of lattice defects.
FIG. 4. (color online) (a) Temperature dependence of mag-
netic susceptibility, χ(T), and 1/χ(T) measured in a field of
10 kOe applied parallel to the ab-plane and the c-axis. The
dashed lines highlight the deviation from a linear tempera-
ture dependence below ∼150 K for 1/χ⊥ and above ∼200 K
for 1/χ‖.(b) The powder average magnetic susceptibility (P-
Average=1/3χ⊥+2/3χ‖) of single crystals and the tempera-
ture dependence of magnetic susceptibility of polycrystalline
sample.
Magnetic properties
Figure 4 shows the temperature dependence of the
magnetic susceptibility measured in a magnetic field of 10
kOe applied either perpendicular,χ⊥, or parallel, χ‖, to
the honeycomb plane. The anomaly around 5 K in both
χ‖ and χ⊥ curves signals the long range magnetic order,
which is further confirmed by specific heat and neutron
single crystal diffraction measurements. The magnetic
susceptibility is quite anisotropic with χ‖ larger than χ⊥
in the whole temperature range investigated 2 - 350 K. At
room temperature, χ‖ ≈1.2χ⊥. This difference increases
with decreasing temperature to χ‖ ≈6χ⊥ around 5 K. Be-
low 5 K, χ⊥ shows little temperature dependence while
χ‖ decreases quickly upon further cooling. The different
temperature dependence of magnetic susceptibility below
5TABLE II. The structure parameters of Na3Co2SbO6 measured at 297 K by single crystal x-ray diffraction. The space group is
C2/m. The lattice parameters are a=5.3707(3)A˚, b=9.2891(6)A˚, c=5.6533(4)A˚, α=90o, β=108.566(6)o, γ=90o. Rfactor=1.80
%. χ2=1.36. U have units of A˚2. Co/Sb antisite defects are included in the refinement to account for the intensity change
from diffuse scattering.
atom x y z Occ. U11 U22 U33 U23 U13 U12
Co1 0.00000(0) 0.66635(5) 0.00000(0) 0.922(1) 0.0039(2) 0.0011(1) 0.0055(2) 0 0.0019(2) 0
Sb11 0.00000(0) 0.66635(5) 0.00000(0) 0.078(1) 0.0039(2) 0.0011(1) 0.0055(2) 0 0.0019(2) 0
Sb1 0.00000(0) 0.00000(0) 0.00000(0) 0.844(1) 0.0023(2) 0.0006(1) 0.0055(2) 0 0.0013(2) 0
Co11 0.00000(0) 0.00000(0) 0.00000(0) 0.156(1) 0.0023(2) 0.0006(1) 0.0055(2) 0 0.0013(2) 0
O1 0.27299(44) 0.34125(25) 0.79466(48) 1 0.0083(9) 0.0025(3) 0.0057(9) -0.0004(4) 0.0010(7) -0.0007(4)
O2 0.25106(66) 0.50000(0) 0.20436(68) 1 0.0098(13) 0.0031(4) 0.0053(12) 0 0.0029(10) 0
Na1 0.00000(0) 0.50000(0) 0.50000(0) 0.920(3) 0.0066(11) 0.0019(4) 0.0064(11) 0 0.0005(8) 0
Na2 0.50000(0) 0.32755(21) 0.50000(0) 0.980(4) 0.0075(8) 0.0023(3) 0.0066(8) 0 0.0027(6) 0
5 K suggests that the spins are aligned in ab plane. This
is confirmed by neutron single crystal diffraction mea-
surements presented later.
Figure 4(a) also shows the inverse magnetic suscepti-
bility. The dashed lines highlight the deviation from a
linear temperature dependence for 1/χ⊥ below ∼150 K
and for 1/χ‖ above ∼250 K. The latter is similar to
that observed for polycrystalline sample.[16] We then fit
the χ data in the temperature range 150 K≤T≤350 K
using χ(T)=χ0+C/(T-θ), where χ0 is the tempera-
ture independent term, C is the Curie constant and
θ the Weiss constant. The fitting of χ⊥ gives χ0=-
2×10−4emu/mol, θc=-170 K and µeff (c)=5.60µB/Co2+.
For χ‖, the fitting suggests χ0=-5×10−3emu/mol, θab=-
4 K and µeff (ab)=5.48µB/Co
2+, respectively. The
large difference between θab and θc is surprising. As
presented later, our density functional theory calcula-
tions suggest these anomalies result from the single ion
anisotropy and the antiferromagnetic interlayer coupling
in Na3Co2SbO6. The strong single ion anisotropy can
lead to abnormal effective Weiss temperatures, which
makes the interpretation of the Weiss constant more
complicated.[19]
The Co2+ ions in an octahedral crystal field have an
electronic configuration of t52ge
2
g. An effective moment
of 3.87µB/Co
2+ is expected for S=3/2 (assuming g=2)
from the spin-only contribution. The experimental values
of µeff (c)=5.60µB/Co
2+ and µeff (ab)=5.42µB/Co
2+
are larger than the expected spin-only value, which sig-
nals significant orbital contribution. The above ex-
perimental values are also much larger than µeff =
3.75µB/Co
2+ expected for the pseudospin-1/2 case pro-
posed theoretically.[12, 13] This theoretical value is deter-
mined by µeff = gJ
√
J(J + 1) with gJ = − 32gL + 53gS ,
where gL,S are the g factor for the effective orbital
moment and the spin moment, respectively, given by
gL = − 23 and gS = 2.[20]
The powder average value of magnetic susceptibility
was obtained as 1/3χ⊥+2/3χ‖ and plotted in Fig. 4(b).
Also plotted in Fig. 4(b) is χ(T ) of polycrystalline
Na3Co2SbO6 used for crystal growth in this study. The
powder average is close to χ(T ) of the polycrystalline
sample but they do not overlap with some difference
especially at low temperatures. The reason is that the
polycrystalline sample orders magnetically at TN=7.8 K
where a cusp in χ(T ) curve was observed. This TN is
close to 8.3 K reported by Wong et al[15] for their poly-
crystalline samples. The magnetic ordering temperature
of our single crystals of 4.8 K is similar to 4.4 K reported
by Viciu et al.[16] for their polycrystalline samples.
All samples synthesized in different groups have
comparable b-lattice, c-lattice, and β angle, but can
be classified into two groups following their a-lattice:
a=5.3557(8) A˚ of our polycrystalline sample is compara-
ble to a=5.3565(1) A˚ of Wong’s polycrystalline sample;
a=5.3708(3) A˚ for our single crystals is comparable to
5.3681(2) A˚ of Viciu’s polycrystalline samples. The com-
parison suggests that samples with a larger a-lattice have
a lower TN and a-lattice can thus be a good indicator of
the Neel temperature.
The variation of TN can result from Na nonstoichiom-
etry as proposed by Wong et al.[15] Our single crys-
tal diffraction suggests some Na deficiency. It is worth
mentioning that the Na content can be purposely con-
trolled by chemical deintercalation.[21, 22] This might
be employed to suppress the long range magnetic order
of Na3Co2SbO6. The effects of Na content on the mag-
netism and structure deserve further investigation. One
more factor that might affect TN is the stacking fault.
As evidenced by the x-ray single crystal diffraction mea-
surements, our single crystals have stacking faults. A
disturbed stacking is expected to suppress the long range
magnetic order of Na3Co2SbO6. However, we want to
mention that in α-RuCl3 the stacking fault induces mag-
netic order at temperatures higher than TN=7 K.[23]
Figure 5 shows the field dependence of magnetization
for polycrystalline sample and single crystals. While a
nearly linear field dependence was observed when the
field is applied long c-axis, the magnetization of poly-
crystalline samples and single crystals with field applied
in ab-plane tends to saturate at high fields even at 30 K.
At 2 K, the magnetization in an applied field of 60 kOe
is 2.25µB/Co
2+ for our polycrystalline sample, slightly
larger than 2µB/Co
2+ for our single crystals. Both val-
6FIG. 5. (color online) (a) Field dependence of magnetiza-
tion of single crystals and polycrystals at 2 K (solid) and
30 K (open), respectively. (b) Derivative of the magnetiza-
tion curves at 2 K (solid) and 30 K (open).
ues are comparable to those reported previously[15, 16],
however, much larger than 0.70µB/Co
2+ when the exter-
nal magnetic field is applied along the c-axis. The field
derivative, dM/dH, shows a maximum around 10 kOe for
polycrystalline samples and 9 kOe for single crystals with
field applied in ab-plane, signaling the field induced spin-
flop transition.[15, 16] However, this feature is absent for
single crystals when the magnetic fields are applied along
the c-axis. This anisotropic behavior suggests that the
magnetic moments are aligned in the ab-plane. This is
consistent with the anisotropic temperature dependence
of magnetic susceptibility shown in Fig. 4 and our neu-
tron single crystal diffraction measurements further con-
firm that the moment aligns along the crystallographic
b-axis.
Specific heat
Figure 6 shows the temperature dependence of the spe-
cific heat of both polycrystalline pellet and single crys-
FIG. 6. (color online) Specific heat and entropy release
across the magnetic order of Na3Co2SbO6 single crystal and
polycrystals. The dashed curve shows the specific heat of
Na3Zn2SbO6 which is used as the phonon reference.
tals. A lambda-type anomaly signals the occurrence
of a long range magnetic order of Co2+ around 5 K in
Na3Co2SbO6 single crystals and around 8 K for the poly-
crystalline sample. The magnetic ordering temperature
obtained from specific heat data agrees with that deter-
mined from magnetic susceptibility shown in Fig. 4 and
neutron single crystal diffraction presented later in Fig. 8.
In order to estimate the entropy release across the mag-
netic order, specific heat of Na3Zn2SbO6 was measured
and used as the phonon reference. The entropy release
is 6.7J/mol K and 7.7J/mol K for the single crystal and
the polycrystalline pellet, respectively. The entropy re-
lease is much lower than the theoretical spin-only value
of 23 J/mol K for Co2+ but larger than 5.76 J/mol K ex-
pected for the pseudospin-1/2 case.
Figure 7(a) and (b) show the field dependence of mag-
netic specific heat obtained by subtracting the specific
heat of Na3Zn2SbO6 from that of Na3Co2SbO6 measured
in different magnetic fields. We monitored and plotted in
Fig. 7(c) the field dependence of Tmax which is defined as
the temperature where the magnetic specific heat has a
maximum. Below ∼6 kOe, Tmax of polycrystalline sam-
ple decreases from 6.60 K in zero magnetic field to 6.52 K
in a field of 4 kOe. Above ∼6 kOe, Tmax increases rapidly
with increasing fields as shown in Figure 7(c). For the
single crystal sample, Tmax has a larger shift to higher
temperatures when the magnetic fields are applied in ab-
plane than perpendicular to the plane. This field de-
pendence of magnetic order is quite different from that
of α-RuCl3 where an in-plane field suppresses the long
range magnetic order.[4–7]
7FIG. 7. (color online) (a, b) Magnetic specific heat in different
magnetic fields for (a) polycrystalline and (b) single crystal
Na3Co2SbO6 with fields applied perpendicular to the crystal
plates. The magnetic specific heat, CPMag was obtained by
subtracting the specific heat of Na3Zn2SbO6 which is used
as phonon reference. (c) Field dependence of Tmax. Tmax is
defined as the temperature where the magnetic specific heat
has a maximum. The solid and dashed curves are a guide to
the eyes.
Neutron single crystal diffraction
To further confirm the magnetic order and to deter-
mine the magnetic structure, we performed a neutron
single crystal diffraction study using one piece of single
crystal of about 1 mg. Survey of magnetic propagation
vectors at 4 K returns (1/2, 1/2, 0). Figure. 8(a) shows
the evolution with temperature of the intensity of the
(0.5 0.5 -1) reflection. The temperature dependence sug-
gests TN=5.5 K. The best refinement suggests that the
Co moments of 0.90(3) µB/Co at 4 K are in the honey-
comb layers and along the b-axis. The fitting quality is
displayed in Fig. 8(b) by plotting the observed squared
structure factors versus the calculated ones. The zigzag
magnetic arrangement in ab-plane is shown in Fig. 8(c).
The neighboring layers with the same in-plane zigzag ar-
rangement stack on top of each other along the crystal-
lographic c-axis.
We noticed that the moment direction along the c-
axis is proposed based on a neutron powder diffraction
study.[15] Compared to our single crystals with TN=5 K,
the polycrystalline sample investigated by Wong et al.
has a magnetic order at 8.3 K and a smaller a-lattice. It
would be interesting to further investigate the effects of
Na content on the magnetic structure.
DFT calculations
In order to understand the magnetic behavior of
Na3Co2SbO6, we performed the density functional the-
ory (DFT) calculations. We used the generalized gradi-
ent approximation and projector augmented wave (PAW)
approach [24] as implemented in the Vienna ab initio sim-
ulation package (VASP)[25, 26]. For Co, Sb and O, stan-
dard potentials were used (Co, Sb and O in the VASP
distribution), and for Na a potential in which p states
are treated as valence states is used (Napv). As an en-
ergy cutoff, we chose 550 eV. To account for correlation
effects the local U is included on the Co d states [27].
Here, several values of Ueff = U − JH are considered
including Ueff = 4.4 eV [28]. The SOC is also turned
on.
First, we checked the magnetic ground state. We use
the structural parameters obtained in our single crystal
x-ray diffraction measurements, but the unit cell is dou-
bled along a and b directions to accommodate the ex-
perimental zigzag magnetic ordering with the 2 × 2 × 2
k-point grid. In addition to the zigzag state, we also con-
sidered Ne´el ordered state. With Ueff = 4.4 eV, the Ne´el
ordered state is found to be more stable than the zigzag
state by 0.10 eV per Co. The relative energy between
the two magnetic states is reversed with reducing Ueff ;
at Ueff = 1 eV the zigzag state is more stable than the
Ne´el state by 0.01 eV per Co. Figure 9 shows the total
density of state (DOS) and partial DOS projected on Co
d states computed with Ueff = 4.4 eV. The Ne´el state
(a) and the zigzag state (b) give nearly identical DOSs
with an excitation gap ≈ 2.5 eV. The gap value is re-
duced to ≈ 0.8 eV at Ueff = 1 eV. Thus, the difference
between the two magnetic states is rather subtle.
In the presence of trigonal distortion and spin-orbit
coupling the ground state doublet is given, in the basis
8FIG. 8. (color online) (a) Temperature dependence of the
intensity of (0.5 0.5 -1) magnetic reflection. The solid curve
is a guide to the eyes. (b)Observed squared structure fac-
tors vs the calculated ones from the neutron data refinement.
(c) zigzag magnetic arrangement in the magneto-active layer.
The magnetic structure has an in-phase arrangement of the
zigzag magnetic layers.
of |Lz, Sz〉, by: | ± 1〉=c1| ∓ 1,±3/2〉+c2|0,±1/2〉+c3| ±
1,∓1/2〉, where the coefficients c1, c2, and c3 are real
numbers and are determined by δ/λ. δ describes the trig-
onal crystal field and λ the spin-orbit coupling.[29, 30]
Our DFT calculations show that the spin moment S and
the orbital moment L are parallel (see table III, S and
L have the same sign). While this is consistent with the
Jeff = 1/2 picture as proposed in [12, 13], the ordered
spin moment is rather large, comparable to the one ex-
pected for the high-spin Sz = 3/2 state, and the reduc-
tion due to the mixing with Sz = ±1/2 states seems to
be small. This implies that the atomic SOC is competing
with the trigonal crystal field in determining the ground
state. From our DFT results, we suspect that the cova-
lencey plays an important role to determine the electronic
state of Na3Co2SbO6. As seen in the density of states in
Fig. 9, Co t2g states (mainly majority spins, but minor-
ity spins as well) and O p states are strongly hybridized
at −6 . E . −1 (eV) below the Fermi level. Such
strong covalency would suppress the mixing between the
Sz = 3/2 state and the Sz = ±1/2 states by compet-
ing with the local SOC. However, it would be necessary
to treat correlation effects more accurately going beyond
the DFT framework.
Next, we focus on the on-site spin anisotropy and
the interlayer exchange coupling that could provide
some insight into the anisotropic magnetic suscep-
tibility. Those interactions could be modeled by
H =
∑
xyzx′y′(J
z
⊥S
z
xyzS
z
x′y′z+1 + J
y
⊥S
y
xyzS
y
x′y′z+1) −
K
∑
xyz(|Szxyz|2 − |Syxyz|2) + E0. Here, Jz(y)⊥ represents
the average exchange coupling for the z(y) component
of the spins between neighboring two layers, K is the
single-site spin anisotropy, and E0 is the energy offset ap-
pearing in the DFT calculation. These parameter values
can be estimated by comparing the energy of the follow-
ing 4 magnetic states: ferromagnetic states and layered
antiferromagnetic states, which have in-plane ferromag-
netic spin alignments and out-of-plane antiferromagnetic
alignments, with the spin orientation either along the y
direction or the z direction. Considering these magnetic
orderings, DFT calculations are carried out using the ex-
perimental structure doubled along the b direction and
4× 4× 2 k-point grid with the other settings mentioned
previously. While the actual magnetic ground state de-
pends on Ueff , the sign of interlayer exchange and the
single-site anisotropy turned out to be independent of
the value of Ueff ; the out-of-plane exchange is antiferro-
magnetic, and the anisotopy is uniaxial (table III). Note
that this does not contradict with the ground state mag-
netic ordering, either Ne´el at large Ueff or zigzag at small
Ueff , that has ferromagnetic spin alignment between two
neighboring layers. These magnetic states are mainly
stabilized by in-plane magnetic interactions. While the
precise form remains to be determined within the current
DFT study,[12, 13] in-plane interactions compete with J⊥
and K and are expected to have some frustration arising
from either Kitaev and Γ terms or longer-range exchange.
Thus, the trace of magnetic interactions is expected to
become small due to the cancellation between different
terms.
9TABLE III. The density functional theory results of the or-
dered moments, spin S and angular momentum L both in
unit of µB , out-of-plane exchange J
z,y
⊥ in meV, and single-
site anisotropy K in meV.
Ueff (eV)
Ne´el zigzag
Jz⊥S
2 Jy⊥S
2 KS2
2S L 2S L
4.4 2.72 0.27 2.69 0.23 0.1 0.11 3.5
1.0 2.57 0.26 2.58 0.19 0.23 0.16 40.2
FIG. 9. Density of states for (a) Ne´el ordered state and (b)
zigzag ordered state. Gray areas show the projected DOS on
Co d states.The Fermi level is located at E = 0. Occupied
states at −1 . E < 0 (eV) are mainly from Co eg majority
spin states and t2g minority spin states. Lower energy states
located at −6 . E <. −1 are mainly from Co t2g majority
spin states and O p states, but Co t2g minority spin states
also have significant weights.
SUMMARY
In summary, we have reported the crystal growth,
structure, and magnetic order of Na3Co2SbO6 single
crystals. Single crystal x-ray diffraction measurements
confirm the monoclinic C2/m structure and find diffuse
scattering along L due to the stacking faults in the as-
grown crystals. Magnetic measurements suggest signifi-
cant anisotropic behavior in the whole temperature range
2 K-350 K. Na3Co2SbO6 single crystal orders magneti-
cally below 5 K into the zigzag magnetic structure with
a propagation vector k = (0.5, 0.5, 0). The ordered mo-
ment is found to be 0.9µB at 4 K and align along the
crystallographic b-axis. Our DFT calculations showed
that the experimentally found zigzag ordering is ener-
getically competing with the Ne´el ordering. The zigzag
ordering is only stable at relatively small Ueff (. 1 eV).
The spin moment and the orbital moment on a Co ion are
found to be parallel irrespective of the magnetic ordering.
While this is consistent with the proposed Jeff = 1/2
picture, the ordered spin moment is comparable to the
one from a Sz = 3/2 state, and the influence of the SOC
appears to be small. This might indicate that the cova-
lency plays an important role to determine the electronic
state of Na3Co2SbO6. Thus, it is necessary to go beyond
the standard DFT approach to describe the electronic
property of Na3Co2SbO6.
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